Abstract LiMn 2 O 4 was examined as a cathode material for the lithium-ion battery, working together with a room temperature ionic liquid electrolyte, obtained by dissolution of solid lithium bis(trifluoromethanesulphonyl)imide (LiNTf 2 ) in liquid N-methyl-N-propylpyrrolidinium bis (trifluoromethanesulphonyl) imide (MePrPyrNTf 2 ) with and without gamma-butyrolactone (GBL). The Li/LiMn 2 O 4 cell was tested by cyclic voltammetry, galvanostatic charging/ discharging, and with impedance spectroscopy. In the cyclic voltammograms for these electrolytes pairs of oxidation current peaks and reduction current peaks for the cathode are distinct, revealing typical characteristics of two-stage reversible-phase transformation of the spinel. The LiMn 2 O 4 cathode showed good cyclability and Coulombic efficiency (126 mAh g −1 after 50 cycles) working together with 0.7 M LiNTf 2 in MePrPyrNTf 2 +10 wt%. GBL ionic liquid electrolyte. At the C/7and C/5 rates, the LiMn 2 O 4 showed stable capacities of 124 and 120 mAh g −1 , respectively. Scanning electron microscopy images of pristine electrodes and those taken after electrochemical cycling showed changes which may be interpreted as a result of solid electrolyte interphase formation. The 0.7 M LiNTf 2 in MePrPyrNTf 2 and 0.7 M LiNTf 2 in MePrPyrNTf 2 +10 wt%. GBL electrolytes have a greater thermal stability range (no peak is observed below 230°C).
Introduction
In lithium or Li-ion batteries, the electrolyte reacts with electrodes by the formation of a passivation layer. This layer is usually called the solid electrolyte interphase (SEI) and protects them against further corrosion [1, 2] . The protective layer formed in such systems is responsible for the chemical stability of the anode and the cathode [3] [4] [5] [6] [7] . At high voltage differences (overcharging) or during contact with air (battery damage) the reaction of electrodes with the environment (solvent, moisture) may result in system ignition. Consequently, for safety reasons, all components of a Li-ion battery, including the electrolyte, should be characterized by nonflammability or negligible vapor pressure. A lithium salt (LiPF 6 ) solution in a mixture of linear and cyclic carbonates usually serves as the electrolyte for Li-ion batteries. However, these carbonates have low boiling points (below 150°C) and low flashing points (below 30°C). These are disadvantageous from the safety point of view. Instead of a salt solution in a volatile solvent, non-volatile molten salts may be applied as electrolytes. Salt liquids at room temperature, usually called room temperature ionic liquids or simply ionic liquids (IL), show considerable thermal stability, a wide liquid-phase range, non-flammability, negligible vapor pressure, and broad electrochemical stability [8] [9] [10] . Ionic liquids have been proposed as potential electrolytes for electrochemical capacitors and lithium-ion batteries, mainly due to their nonvolatility and hence, non-flammability [8, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Among ILs, those based on 1-ethyl-3-methyl-imidazolium [12, 13, 18, 19, [21] [22] [23] , as well as with graphite, LaSi 2 /Si and TiO 2 nanotube anodes [14, 20, 24, 25] . Recently, ionic liquids based on imidazolium and piperidinium cations with vinyl or allyl groups and [NTf 2 − ] anion are of great interest as co-solvents for the Li-ion battery (LiNi 0.5 Mn 1.5 O 4 and LiFePO 4 ) [26, 27] . The evaluation of the cell LiFePO 4 /Li with the mixed electrolyte based on N-allyl-N-methyl piperidinium bis(trifluoromethanesulfonyl)imide with LiNTf 2 , and 30 wt% vinylene carbonate/dimethyl carbonate (1:1) shows good reversibility and cycle performances [27] .
Gamma-butyrolactone (GBL) has a high boiling point, a low freezing point, a high flashing point, a high dielectric constant, and low viscosity [28, 29] . This low vapor pressure molecular solvent is a highly preferable co-solvent for lithium-ion batteries. However, GBL readily undergoes reductive decomposition on the surface of negative electrodes (graphite electrodes) and it forms a SEI characterized by considerable resistance [30] . Recently, GBL has been employed as a solvent for the lithium bis(oxalate)borate-based electrolyte [29, 31, 32] . Mass spectrometry was used to study the reductive decomposition of an electrolyte based on ethylene carbonate/dimethyl carbonate (EC/DMC), as well as the formation of the SEI in this electrolyte at the graphite electrode [33] . GBL, as an additive electrolyte, was observed to effectively diminish gas evolution in electrolyte solutions. GBL has also been mixed into the ionic liquid (1-butyl 3-methyl-imidazolium tetrafluoroborate, BMIBF 4 ) [34] . This mixture exhibits a greater thermal stability than the classical electrolyte. Most ionic liquids exhibit high viscosity and hence a relatively low conductivity. In order to decrease viscosity and increase conductivity an aprotic dipolar organic solvent may be added to IL. In these mixtures, the vapor pressure remains low and consequently, their flash point remains high [35] .
Spinel-type lithium manganese oxide LiMn 2 O 4 is one of the most frequently studied cathode materials for the use in Li-ion batteries. It has a specific capacity of ∼120 mAh g −1 between 3.5 and 4.3 V and has no memory effects [36, 37] . However, the theoretical capacity of the spinel is 148 mAh g −1 [38] . In addition, [20] . N-methyl-Npropylpyrrolidinium bromide (MePrPyrBr) was obtained from N-methylpyrrolidinium (Aldrich) and bromopropane (Aldrich) in acetone. After decanting acetone the solid phase was dissolved in 2-propanol (P.O.Ch., Poland) and after the addition of tetrahydrofurane (P.O.Ch., Poland) white crystals of MePrPyrBr were precipitated. MePrPyrNTf 2 was obtained f r o m M e P r P y r B r b y m e t a t h e s i s w i t h l i t h i u m bis(trifluoromethanesulfonyl)imide in an aqueous medium. The ionic liquid was dried by vacuum evaporation at 50°C for 10 h and kept over A3 molecular sieves. Liquid electrolyte (0.7 M LiNTf 2 in MePrPyrNTf 2 ) was obtained by dissolution of solid LiNTf 2 salt in liquid MPPyrNTf 2 . Electrolyte containing GBL (10 % wt.) was prepared in a dry argon atmosphere in a glove box. Positive electrodes were prepared by casting a slurry of the LiMn 2 O 4 , graphite (G) and PVdF (a 85:5:10 ratio) in N-methyl-2-pyrrolidone (NMP, Fluka) on a golden current collector (radius 12 mm). The layer of the cathode was formed by vacuum evaporation of the solvent (NMP) at 120°C. The electrode typically contained 1.5-2.5 mg of LiMn 2 O 4 .
Measurements
The LiMn 2 O 4 /electrolyte/Li cells were assembled in a dry argon atmosphere in a glove box. The LiMn 2 O 4 electrode and a round-shaped lithium electrode was cut off from the metallic-lithium foil (surface of 1 cm 2 ), and separated by a glass micro-fiber GF/A separator (Whatman) soaked with the electrolyte placed in an adapted 0.5 Swagelok® connecting tube. The cycling measurements were taken with the use of the ATLAS 0461 MBI multichannel electrochemical system (Atlas-Solich, Poland) at different current densities (C/10-C/ 2). Constant current charging/discharging cycles were conducted between 3.2 and 4.3 V versus the lithium reference. Cyclic voltammetry, as well as electrochemical impedance spectroscopy (EIS), were performed with the use of the G750 Potentiostat/Galvanostat Measurements System (Gamry, USA). Impedance spectra were obtained using a frequency response analyzer at a frequency range of 100 kHz-10 mHz, at the open circuit potential and amplitude of 10 mV. Conductivity of electrolytes was measured in a two electrode (Pt) thermostated conductometric glass cell with the constant of 4.80 cm 
Results and discussion
Electrolyte composition, conductivity, and density
The specific conductivity of the neat ionic liquid MePrPyrNTf 2 was 1.4 mS cm −1 at 25°C [44] . [20] . At higher LiNTf 2 concentrations, a crystalline solid phase was formed. After dissolving lithium salt in an ionic liquid conductivity has increased slightly (1.6 mS cm from/into the spinel phase by a two-step process [45, 46] . Figure 1a shows the cyclic voltammogram of a LiMn 2 O 4 particle in 0.7 M LiNTf 2 in MePrPyrNTf 2 +10 wt% GBL. Two peaks are clearly observed at 4.00 and 4.15 V in both anodic and cathodic scans. The redox peaks of the LiMn 2 O 4 electrode are sharp with a well-defined splitting. The peak currents and the peak potentials did not change significantly during cycling. In electrolyte with GBL, the LiMn 2 O 4 particles showed excellent cycle stability. While in the case of the MePrPyrNTf 2 ionic liquid peaks are less sharp and reversibility of the insertion/extraction process is poorly observed (Fig. 1b) Fig. 2 . It can be seen that the charge/discharge curves of LiMn 2 O 4 electrode exhibit two potential plateaus, in accord with the results of the CV curve in Fig. 1 . Figure 2a presents charging/discharging curves, for the spinel electrode working with 0.7 M LiNTf 2 in MePrPyrNTf 2 +10 wt% GBL. The addition of GBL (10 wt%.) improves both the charging and discharging capacities in subsequent cycles, in comparison to the ionic liquid (MePrPyrNTf 2 ) without any additive (Fig. 2b) . After the first cycle, the discharge capacity of the spinel was ca. 144 mAh g −1
, close to its theoretical maximum value. During the next cycles, the capacity of the electrode decreases gradually to stabilize at ca. 126 mAh g −1 after 50 cycles. The improvement is probably due to the ability of the additive (GBL in MePrPyrNTf 2 ) to form SEI on the electrodes surface. In the case of the spinel electrode working with the neat ionic liquid, the capacity of the charging (q ch ) and discharging (q dis ) processes at the first cycle was 157 and 121 mAh g , respectively (Fig. 2b) . However, the capacity of the electrode further decreased during the cycling. The electrode showed ca. 60 % of the theoretical charge and discharge capacities (80 mAh g −1 ) after 50 cycles, at the charge/ discharge current of 14 mA g −1 (C/10). In 0. Fig. 3 . The Coulombic efficiency, proportional to the q dis /q ch ratio, increased during the cycling to reach almost 100 % after the 15th cycle for 0.7 M LiNTf 2 in MePrPyrNTf 2 +10 wt% G B L (F i g . 3b) . T h e di s c h a rg e c a p a c i t y o f t h e LiMn 2 O 4 |electrolyte|Li cell depends on the current rates (Fig. 4) . The cells could work relatively efficiently over many cycles at higher rates. In the case of the ionic liquid with the additive (0.7 M LiNTf 2 in MePrPyrNTf 2 +10 wt% GBL) at high capacity (ca. 120 mAh g , and 7. Typically, spectra taken immediately after the cell assembling consist of a semicircle followed by a straight line (Fig. 5) . However, after 20 galvanostatic charging/discharging (C/7) cycles, two semicircles can be seen at the high-frequency region (Figs. 6 and 7) . The first semicircle reflects the formation of the SEI layer and the second the charge transfer process, while the line at the lowfrequency region represents the diffusion process (of Li + in the electrolyte and SEI, or Li in solid electrodes) [48] . On the other hand, the impedance plots consisting of two semicircles may also be attributed to the anode/electrolyte interface (the high-frequency semicircle) and to the cathode/electrolyte interface (the low-frequency semicircle) [41] . The equivalent circuit used for impedance spectra deconvolution (Fig. 8) consisted of two RC elements describing resistance of SEI (R SEI ) and resistance of the charge transfer reaction (R ct ), in series with electrolyte resistance R el and diffusion impedance represented by the Warburg element (Z W ). The SEI resistance of the LiMn 2 O 4 |0.7 M LiNTf 2 in MePrPyrNTf 2 |Li system was R SEI =220 Ω, while the charge transfer resistance was R ct = 135 Ω (Fig. 6) . However, after 20 galvanostatic charging/ discharging the R SEI and R ct increased to values 250 and 642 Ω, respectively. The higher charge transfer resistance (R ct ) of the LiMn 2 O 4 |0.7 M LiNTf 2 in MePrPyrNTf 2 |Li cell signifies the more capacity loss in the high charge/discharge rate, which is in good agreement with the C-rate capacity data. On the other hand, in the case of the LiMn 2 O 4 |0.7 M LiNTf 2 in MePrPyrNTf 2 + 10 wt% GBL|Li system a much smaller increase of resistance was observed (Fig. 7) . After 20 galvanostatic charging/discharging, the charge transfer resistance and SEI resistance were 178 and 126 Ω, respectively. The electrolyte additive and the electrochemical process are necessary for the formation of the protective SEI coating in the systems under study. There is some difference in the chemistry at the interface, the so-called SEI formation, depending on the electrolyte composition. Such a change in the interfacial property would reduce the impedance and then improve the charge-discharge performance of the cell. These results show that GBL is a safe and effective component for the MePrPyrNTf 2 ionic liquid, improving the electrochemical performance of the LiMn 2 O 4 |Li system. Figure 9 shows SEM images of a pristine electrode and those after electrochemical cycling with different electrolytes. The pristine cathode ( Fig. 9a and b) is composed of an agglomerated structure morphology and it is porous. However, after electrochemical cycling in 0.7 M LiNTf 2 in MePrPyrNTf 2 and 0.7 M LiNTf 2 in MePrPyrNTf 2 +10 wt% GBL the cathode is covered with small aggregates. This 'micro-roughness' may indicate the formation of a SEI layer [3] .
Electrolyte flammability and thermal stability All these findings suggest that the replacement of a classical electrolyte in molecular liquids (cyclic carbonates) by an electrolyte based on an ionic liquid or ionic liquid with additives brings about a high increase in cathode/electrolyte nonflammability. If an additive can function both as a fireretardant and protect against overcharge, it would provide more reliable protection for Li-ion batteries at extended storage and under extreme working conditions [50] . DSC thermograms of electrolyte-based ionic liquid are presented in Fig. 10 . The thermograms of 0.7 M LiNTf 2 in MePrPyrNTf 2 and 0.7 M LiNTf 2 in MePrPyrNTf 2 +10 % wt. GBL electrolytes show a greater thermal stability range, with no peak observed below 230°C. The 0.7 M LiNTf 2 in MePrPyrNTf 2 electrolyte was very stable up to 280°C. Here, we can see that the beneficial effects of these electrolytes are due to the good thermal stability of ionic liquid (MePrPyrNTf 2 ). Decomposition of the ionic liquids is observed just above 400°C (e.g., EtMeImNTf 2 decomposed between 440 and 480°C [51] ). However, GBL has a high boiling point (207°C at the atmospheric pressure) [28] , but it does not exceed 230°C. GBL molecules in 0.7 M LiNTf 2 in MePrPyrNTf 2 are probably involved in ion salvation and hence they are non-volatile. This experiment reveals the enhanced stability of organic solvents such as GBL when mixed with very stable ionic liquid. 
Conclusions

